The number of AMPA receptors at synapses depends on receptor cycling. Because receptors diffuse rapidly in plasma membranes, their exocytosis and endocytosis need not occur near synapses. Here, pre-embedding immunogold electron microscopy is applied to dissociated rat hippocampal cultures to provide sensitive, high-resolution snapshots of the distribution of surface AMPA receptors in spines, dendrites, and cell bodies that will be informative about trafficking of AMPA receptors. The density of the label for GluR2 varies, but is consistent throughout cell body and dendrites in each individual neuron, except at postsynaptic densities (PSDs), where it is typically higher. Glutamate receptor 2 (GluR2) labels at PSDs significantly increase after synaptic activation by glycine treatment and increase further upon depolarization by high K ϩ . Islands of densely packed labels have consistent size and density but vary in frequency under different experimental conditions. These patches of label, which occur on plasma membranes of cell bodies and dendrites but not near PSDs, are taken to be the aftermath of exocytosis of AMPA receptors. A subpopulation of clathrin-coated pits in cell bodies and dendrites label for GluR2, and the number and amount of label in individual pits increase after NMDA treatment. Coated pits near synapses typically lack GluR2 label under basal conditions, but ϳ40% of peri-PSD pits label for GluR2 after NMDA treatment. Thus, exocytosis and endocytosis of AMPA receptors occur mainly at extrasynaptic locations on cell bodies and dendrites. Receptors are not preferentially exocytosed near PSDs, but may be removed via endocytosis at peri-PSD locations after activation of NMDA receptors.
Introduction
Glutamatergic synapses mediate excitatory synaptic transmission in the vertebrate CNS. One subtype of glutamate receptor, the AMPA receptor (AMPAR), mediates fast transmission, and its regulation underlies synaptic efficacy (Malinow and Malenka, 2002) . Trafficking of AMPA receptors has been studied by livecell observation of fluorescent-labeled receptors to track their exocytosis, internalization, and lateral diffusion (Groc et al., 2007; Hirling, 2009; Choquet, 2010) . The picture emerges that exocytosis of AMPA receptors occurs at somas and dendrites (Yudowski et al., 2007; Lin et al., 2009; Makino and Malinow, 2009; Araki et al., 2010) , and perhaps at spines (Kennedy et al., 2010) . Lateral diffusion of AMPA receptors occurs throughout the neuronal surface (Adesnik et al., 2005; Ashby et al., 2006; Makino and Malinow, 2009) , except that their mobility is lower at the postsynaptic density (PSD) (Choquet, 2010) . Endocytosis of AMPA receptors occurs in the dendritic shafts (Ehlers, 2000; Ashby et al., 2004) and somas (Lin and Huganir, 2007) , and also in spines (Kennedy et al., 2010) . However, it is not clear how prevalent exocytosis and endocytosis of AMPA receptors are in spines.
Immunogold labeling by electron microscopy (EM) provides higher resolution AMPA receptor localization (Kharazia et al., 1996; Bernard et al., 1997; Nusser et al., 1998; Takumi et al., 1999; Ganeshina et al., 2004) , and demonstrates increases in AMPA receptors at PSDs after long-term potentiation (Moga et al., 2006) and acute stimulation (Popratiloff et al., 1998; Larsson and Broman, 2008) . Most previous EM studies use the postembedding immunolabeling method, which provides an accurate picture at locations, such as the PSD, with high density of antigen (Nusser et al., 1998; Masugi-Tokita and Shigemoto, 2007) . However, postembedding labeling so far has yielded little information about the distributions of receptors present at lower density throughout neuronal membranes, other than those at PSDs. EM evidence is also inconclusive regarding exocytosis of AMPA receptors (Petralia et al., 2003; Gerges et al., 2006) , and sparse with respect to their endocytosis (Petralia et al., 2003) .
Here we map the distribution of surface AMPA receptors with the increased sensitivity provided by pre-embedding immunogold labeling (Bernard et al., 1997 ). An antibody to the extracellular domain of glutamate receptor 2 (GluR2), the most prevalent subunit in AMPA receptors (Wenthold et al., 1996) , illustrates their distribution in dissociated cultures of hippocampal neurons under different stimulation protocols including conditions that induce AMPA receptor exocytosis, such as added glycine or high K ϩ , and ones that induce AMPA receptor endocytosis, such as added NMDA. The GluR2 label on spine heads is analyzed in serial thin sections, and GluR2 labels at PSDs and at somal plasma membranes is measured in single sections. Evidence is presented that exocytosis of AMPA receptors is a unitary event occurring at different frequencies under different experimental conditions. Distributions of clathrin-coated pits labeled for GluR2, indicative of endocytosis of AMPA receptors, are characterized in somal plasma membranes and near PSDs. We thus provide detailed snapshots of the distribution of AMPA receptors at rest and under various stimulation conditions.
Materials and Methods

Treatment of dissociated hippocampal cultures
Hippocampal cells from 21-d-old embryonic Sprague Dawley rats (mixed gender) were dissociated and grown on top of a feeder layer of glial cells for 19 -26 d (Dosemeci et al., 2001) . Culture dishes for experiments were placed on a floating platform in a water bath maintained at 37°C. Cultures were washed once with Krebs'-Ringer's solution (124 mM NaCl, 2 mM KCl, 1.24 mM KH 2 PO 4 , 1.3 mM MgCl 2 , 2.5 mM CaCl 2 , and 30 mM glucose in 25 mM HEPES at pH 7.4), treated with (1) Krebs'-Ringer's solution for 2-5 min (control); (2) glycine (200 M) without Mg 2ϩ , and with strychnine (1 M) for 3 min; (3) NMDA [20 -30 M, with or without TTX (1 M), glycine (10 M), and low Mg (0.3 mM)] for 2-5 min; or (4) high K ϩ medium (90 mM K ϩ , NaCl concentration correspondingly reduced) for 2 min and fixed immediately after treatment. Other cultures were treated for 2 min in high K ϩ followed by four washes in KrebsRinger's solution and fixed after a total recovery time of 30 min. With samples fixed with no treatment, the culture medium was replaced with fixative immediately after cultures were removed from the incubator.
Pre-embedding immunocytochemistry
Cultures were fixed with 4% paraformaldehyde (EMS) in PBS for 30 -45 min, or with 1-2% acrolein (Sigma) in PBS for 1-2 min, followed by 4% paraformaldehyde in PBS for 30 min. After fixation, samples were thoroughly washed in PBS, and were either left unpermeabilized to label surface receptors, or to label both surface and internal receptors, or were permeabilized with either 50% ethanol in water for 10 -15 min or 0.1% saponin for 40 -60 min. Samples were then washed in PBS and incubated with primary antibody against the AMPAR subunit GluR2 (clone 6C4, amino acids 175-430, Millipore Bioscience Research Reagents; Western analysis provided at 1:100) for 1-2 h. Secondary antibody conjugated with Nanogold (Nanoprobes; at 1:150 -250) was applied for 1-2 h, then samples were silver enhanced (HQ kit, Nanoprobes) and finally embedded in epoxy resin for thin sectioning as previously described (TaoCheng, 2006) . Controls for immunolabeling included withholding the primary antibody and comparing labeling with that from other primary antibodies such as mouse monoclonal anti-clathrin (clone X22, ABR; at 1:250 -500), mouse monoclonal anti-transferrin receptor (TfR) (clone OX-26, Millipore Bioscience Research Reagents; at 1:250 -500), and mouse monoclonal anti-calmodulin-dependent protein kinase II (CaM-KII) [clone 6G9 (2), Millipore Bioscience Research Reagents; at 1:100].
Specificity of the GluR2 antibody is further verified by the absence of labeling on glial plasma membranes (supplemental Fig. 1 A, available at www.jneurosci.org as supplemental material). Intracellular labeling was highest in the lumen of endoplasmic reticulum (ER) (supplemental Fig.  1 B, available at www.jneurosci.org as supplemental material), the expected orientations of the N-terminal epitope, and is consistent with AMPA receptors being synthesized and highly concentrated in the ER (for review, see Bassani et al., 2009) . However, the amount of intracellular localization of this particular antibody in other organelles with lower concentrations of GluR2 may be underestimated because immunolabeling reagents have to pass through two layers of membrane to reach the antigen inside the lumen. The present study, however, focuses on surface labeling of GluR2.
Morphometry
Excitatory synapses are identified by the following: (1) characteristic asymmetric (Peters et al., 1991) PSD beneath the postsynaptic membrane; (2) parallel apposition of the presynaptic and postsynaptic membranes, forming a synaptic gap; and (3) clusters of synaptic vesicles in the presynaptic terminals.
Serial sections. Selected areas from series of 12-20 sections (70 -80 nm thick) were photographed with a CCD digital camera system (XR-100, AMT) at 10,000ϫ and printed at a final magnification of 75,000ϫ for analysis. Serial sectioned spine heads were reconstructed and rendered in Reconstruct (http://synapses.clm.utexas.edu/tools/reconstruct/reconstruct. stm). Differentiation of spine from dendritic shaft synapses was only done in serial section analysis because spines can be confused with small dendrites in single sections (supplemental Fig. 2 A, available at www.jneurosci.org as supplemental material). In single sections, it proved helpful to find a spine neck to identify a synaptic spine (see Fig.  1C , large arrow; supplemental Fig. 2 B, available at www.jneurosci.org as supplemental material).
PSD labeling. A set of criteria was applied to recognizing and counting labels at PSDs. For serial section analyses, the length of the PSDs and the numbers of labels for GluR2 were recorded for each section. The numbers of labels were then pooled and divided by the pooled length of PSDs, and results were expressed as the number of labels per micrometer of PSD length (see examples in supplemental Fig. 2 A, available at www. jneurosci.org as supplemental material). For single sections, every crosssectioned PSD encountered was photographed for measurement, and GluR2 labeling at PSDs was counted as the number of labels per PSD (see examples in supplemental Fig. 2 B, available at www.jneurosci.org as supplemental material) without normalizing for PSD length. PSD length was not recorded for measurements of single sections because the serial section analysis demonstrated that the mean diameter of PSDs does not change between control and high K ϩ -treated samples (Table 1 ). In addition, the density of labels for GluR2 showed a consistent trend to increase after depolarization, regardless of whether a label is normalized to PSD length. Not measuring the length of every PSD permitted collecting a very large number of data points, so Ͼ2450 individual synapses were measured for PSD labeling. Spine membranes lying outside of the PSD areas were also measured and counted for labeling density.
PSD diameter. The longer elliptical axis of serially sectioned PSDs was taken to represent the diameter of the PSD. PSD diameters of spine and shaft synapses were categorized separately in serial sections where their identity can be established unequivocally. All spine synapses are from glutamatergic neurons as GABAergic neurons do not form spines, whereas shaft synapses may come from both types of neurons (Craig et al., 1993) .
Neuronal soma labeling. Neuronal somas rather than dendrites were measured because dendritic branches are too convoluted to allow simple comparisons between different dendrites with respect to either their distance from their soma or in their order of branching. Furthermore, it is impossible to tell whether different dendrites were originating from the same soma without extensive serial section analysis. In contrast, somas are easy to identify individually and simple to compare under different experimental conditions. Every neuronal soma encountered in single sections was photographed, and the length of plasma membrane was measured, excluding areas covered by synapses or glial processes to avoid potential undercounting of label due to uneven accessibility of immunolabeling reagents. The number of labels for GluR2 was counted and divided by the length of plasma membrane sampled to derive the number of labels per micrometer in the somal plasma membrane. No differentiation was made between glutamatergic (CaMKII-positive) or GABAergic (CaMKII-negative) neurons as both contain AMPA receptors (Craig et al. , 1993) . In our dissociated cultures, CaMKII-negative neurons constituted ϳ7-15% of all neuronal somas (3 of 43, 4 of 47, and 10 of 69 neuronal somas, in three experiments).
Recycling endosomes. Recycling endosomes consist of aggregates of vesicles/vacuoles typically situated near edges of somas and dendrites (Cooney et al., 2002) . In the present study, recycling endosomes are defined as groups of 3-8 loosely aggregated vesicles/vacuoles not connected to Golgi complexes and occupying areas 200 -500 nm in diameter. In one experiment using NMDA treatment, every neuronal soma encountered was photographed, and structures resembling recycling endosomes within 750 nm of the plasma membrane were counted. Only labels inside the vesicular lumen were counted as a GluR2 signal. Vesicle aggregates manifesting three or more labels are scored as GluR2-labeled recycling endosomes.
Coated pits. Clathrin-coated pits and vesicles have distinctive features (Petralia et al., 2003) . In the present study, coated pits, but not coated vesicles, were scored for labeling for GluR2. Coated vesicles were not counted to rule out the possibility that immunolabeling reagents may not adequately penetrate both plasma membrane and coated vesicle membrane to reach the GluR2 epitopes in the lumen of coated vesicles.
To calculate the percentage of pits labeled with different antibodies, every coated pit on somal and dendritic plasma membranes was counted in micrographs of control samples. In four experiments with NMDA treatment, and in three experiments with glycine treatment, every GluR2-labeled coated pit on somal plasma membrane, as well as the number of GluR2 labels in each coated pit, was counted.
One category of coated pits near synapses was scored separately from the coated pits in somas and dendrites. This category included the following: coated pits in the peri-PSD zone (within 200 nm of the edge of PSD) of all synapses; and coated pits anywhere along the spine membrane, when spines are identified. This category of coated pits was selected to evaluate the previously described endocytic zones (EZs) (Blanpied et al., 2002; Rácz et al., 2004; Lu et al., 2007; Petrini et al., 2009) .
Statistical analysis (KaleidaGraph, Synergy Software) was performed by Student's t test (unmatched sets, unequal variances, or paired t tests, as appropriate) or ANOVA (Tukey test) to test groups of three. Values are expressed as the mean Ϯ SEM, except in Figure 3 , where error bars depict SD.
Results
Distribution of surface GluR2 label on hippocampal neurons at rest
The GluR2 antibody used here recognizes the N-terminal extracellular domain of the receptor. As expected, neuronal plasma membranes were prominently labeled on the external surfaces of somas ( Fig. 1 A, B) , dendrites, and spines ( Fig. 1C ), but label was absent on axons (supplemental Fig. 1 A, available at www. jneurosci.org as supplemental material). The density of the label for GluR2 varied widely from cell to cell ( Fig. 1 A, B ) but appeared to be nearly uniform within each cell. For example, a soma with low-density label always gives rise to primary dendrites with similarly low-density label, while a high-density label in a dendrite remains high throughout the traceable distances ( Fig. 1C ; supplemental Fig. 3 , available at www.jneurosci.org as supplemental material). The density of the label also varied widely from synapse to synapse (Fig. 1 D -G) . GluR2 labeling at PSDs often stood out in dendrites where the density of the label on the plasma membrane was low (supplemental Fig. 3C , available at www.jneurosci. org as supplemental material).
Serial thin section analyses of GluR2 label under control and depolarizing conditions
Spine synapses An advantage of serial section analysis is that spine heads can be differentiated unequivocally from shaft synapses (supplemental Fig. 2 A, available at www.jneurosci.org as supplemental material) (Boyer et al., 1998) . Serial reconstructions ( Fig. 2; supplemental Fig. 4 , available at www.jneurosci.org as supplemental material) provided comprehensive measurements of GluR2 labeling in whole spines (Table 1) . Depolarization in high K ϩ produced the most consistent synaptic response (Dosemeci et al., 2001; Tao-Cheng, 2006 ) among three activation protocols. Thus, we chose to use serial section analysis to document redistribution of GluR2 labeling by comparing sister cultures before and after high K ϩ depolarization. After depolarization, the label for GluR2 significantly increased at spine PSDs (186% of control values, p Ͻ 0.05) ( Fig. 2 ).
Shaft synapses
While excitatory synapses on dendritic shafts are rare in the hippocampus of intact brains (Harris et al., 1992; Boyer et al., 1998; Desmond and Weinberg, 1998) , they are much more prevalent in dissociated hippocampal cultures, about equal in frequency to spine synapses (Boyer et al., 1998) , or outnumber spine synapses by a ratio of 1.85 (Neuhoff et al., 1999) . In the two samples ana- Figure 1 . GluR2 labeling of somal, dendritic, and spine membranes. A, B, Labeled surfaces of neuronal somas varied from low labeling density (A) to high labeling density (B). C, Uniform distribution of label on surface of a dendrite (Den). One spine (Sp) with a visible neck (large arrow) is labeled over the entire extrasynaptic spine membrane, but the PSD (area between two arrows) is not. D-G, Four spine-shaped structures from single sections. The density of label for GluR2 at PSDs ranges from zero (E) to low (F ) to high (G). Labeling on the extrasynaptic membranes is also variable; low in D and G, and higher in E and F. Scale bars:
lyzed here by serial sections study, shaft synapses outnumber spine synapses by ratios of 1.5 and 2.3, respectively. Dendritic shaft PSDs had a larger diameter than spine PSDs ( p Ͻ 0.05) ( Table 1) . Upon depolarization, labeling density at shaft PSDs also significantly increased (168% of control values, p Ͻ 0.0001) ( Table 1) .
PSD labeling density versus other plasma membrane domains
Under control conditions, the density of GluR2 labeling at spine PSDs did not significantly differ from that at spine extrasynaptic membrane (Table 1) or soma membrane (2.48 Ϯ 0.27 labels/m, n ϭ 36) of the same sample. Furthermore, the labeling density at spine extrasynaptic membrane did not differ significantly from that at soma membrane. Given the small size of the spine sample, we are limited to concluding that any differences in density between spine and somal membranes must be small. Interestingly, labeling density at shaft PSDs was significantly higher than that at either the extrasynaptic membrane of spines ( p Ͻ 0.05) or the soma membrane ( p Ͻ 0.005). After high K ϩ depolarization, the density of the label at PSDs (spine and shaft combined) was greater than that in the rest of the plasma membrane, paralleling the difference in control samples. These results account for the observation that GluR2 labeling at the PSD frequently stands out against the rest of the plasma membrane (supplemental Figs. 2, 3C, available at www.jneurosci.org as supplemental material). Values are given as mean no. of labels/m of somal membrane Ϯ SEM (n).
Single section analyses of GluR2 labeling under control and depolarizing conditions Analyses of single sections, which permitted extensive sampling of PSD and somas (see Materials and Methods), confirmed the redistribution of GluR2 labeling upon depolarization, as documented by serial section analysis. Upon high K ϩ depolarization, GluR2 labeling evaluated in single sections significantly increased at the PSD and somal plasma membranes, but returned to basal levels after incubating 30 min in normal Ringer's solution. This pattern of redistribution was consistent in eight depolarization experiments, including four experiments in which recovery conditions followed depolarization (Tables 2, 3) .
Pooled data from all experiments showed 1.74 Ϯ 0.15 GluR2 labels per PSD in controls, 3.67 Ϯ 0.13 upon high K ϩ , and 1.79 Ϯ 0.10 after 30 min recovery (Fig. 3, left) . The mean numbers of labels per PSD after high K ϩ increased to 229 Ϯ 29% over control values (paired data from each experiment; Table 2 ), but returned to 99 Ϯ 15% of control after 30 min recovery. Additionally, only 14.3 Ϯ 1.3% of PSDs lacked GluR2 labels after high K ϩ , while 36.1 Ϯ 3.4% lacked labels in controls, and 35.3 Ϯ 2.3% lacked labels after recovery (data not shown). An example of a cumulative frequency plot of a typical experiment is shown in supplemental Figure 5A (available at www.jneurosci.org as supplemental material).
Pooled data from all experiments showed a density of label for GluR2 at somal plasma membranes of 2.07 Ϯ 0.12 labels/m in the control, 3.94 Ϯ 0.27 labels/m upon high K ϩ treatment, and 1.99 Ϯ 0.12 labels/m after 30 min recovery (Fig. 3, right) . The mean density of label after high K ϩ increased to 194 Ϯ 14% of control values (paired t test) (Table 3) , and after recovery returned to 96 Ϯ 4% of control values. An example of a cumulative frequency plot of a typical experiment is shown in supplemental Figure 5B (available at www. jneurosci.org as supplemental material).
These results validated the use of single section analysis for detecting changes of GluR2 labeling at the PSD and somal membranes, and we proceeded to document GluR2 redistribution under other activation conditions that are known to induce exocytosis and endocytosis of AMPA receptors, respectively.
Redistribution of GluR2 labeling after synaptic stimulation
We used a chemical stimulation protocol similar to Lu et al. (2001) , with 200 M glycine/0 Mg 2ϩ /1 M strychnine to induce synaptic activation. After 3 min of treatment, GluR2 labeling at PSD significantly increased to 138 Ϯ 7% of control levels (three experiments) ( Table 2 , paired t test). However, unlike high K ϩ depolarization, labeling of somal plasma membrane did not increase significantly (Table 3) .
Evidence for exocytosis of AMPA receptors
Chemical stimulation protocols similar to that used here (Lu et al., 2001 ) have been used to capture increased exocytosis by -5) show that the label is more concentrated at the center of the patch (sections 2 and 3). Number of labels counted are 10, 9, and 11 in sections 2, 3, and 4, respectively. E, F, GluR2-labeled vacuoles containing concentrated labels occasionally lie near edges of a soma (E, NMDA-treated) or a dendrite (F, 2 min K ϩ followed by 5 min recovery in Ringer's solution). Scale bars: D, F (for A-C, E, F ), 0.1 m.
light microscopy (Yudowski et al., 2007; Makino and Malinow, 2009; Kennedy et al., 2010) . Corresponding evidence of exocytosis from electron microscopy could consist of vesicles or vacuoles near the plasma membrane with GluR2 labels on their luminal sides, but no such evidence was readily apparent. However, patches of highly concentrated GluR2 label on the plasma membranes of soma occurred at very low frequency in control samples (Fig. 4 A) or at slightly higher frequency, though just short of statistical significance, in Gly/0 Mg 2ϩ samples (Table 4 ; supplemental Fig. 6 , available at www.jneurosci.org as supplemental material). These patches had a labeling density much higher than anywhere else on the neuronal surface. Although rare, these patches warranted a closer examination because the consistency in their size and labeling density (Table 4) suggested a uniform set of events, possibly representing exocytosis of the GluR2 from a single vesicle.
After high K ϩ depolarization, patches of concentrated GluR2 label became significantly more frequent (Fig. 4 B, C , Table 4). In an example from serial sections (Fig. 4 D) , patches were apparent in three adjacent sections, showing ϳ30 labels in a patch ϳ0.3 m in diameter, yet only the middle sections (2 and 3) would have been identified as a GluR2 patch in single sections. The size and density of GluR2 label in these patches are virtually identical with those seen in control and Gly/0 Mg 2ϩ samples, but occurred at different frequencies (Table 4 ). These observations together suggest that the patches represent a unitary event, most likely a single exocytosis inserting AMPA receptors into the cell surface.
The patches of GluR2 label did not contain dense material underneath the plasma membrane, which characterizes PSDs, and they are unlikely to represent clumping of secondary antibodies because clumps typically include only two to six grains and do not flatten out against the plasma membrane. GluR2-labeled patches were limited to somas and dendrites, and none were near PSDs. Due to their low frequency and the limitations in sampling inherent to electron microscopy of thin sections, patches near PSDs could escape detection, but with Ͼ3000 PSDs examined here it is necessary to conclude that patches of AMPA receptors are uncommon near PSDs under our experimental conditions. If patches represent the aftermath of exocytosis of a vesicle containing AMPA receptors, vesicles with concentrated GluR2 labels should be arrayed near the plasma membrane. A few labeled vesicles with dimensions close to those of the labeled patches occurred near somal (Fig. 4 E) or dendritic (Fig. 4 F) plasma membranes. . A, Two small arrows point to TfR-labeled coated pits near synapses at the surface of a dendrite. C, Recycling endosomes consistently label for TfRs and occur in ϳ35% of spine-like structures. D, However, recycling endosome-like vesicles in spines rarely label for GluR2. E, F, Recycling endosomes in dendrites and soma are infrequently labeled with GluR2, and the density of label under control conditions is low (E), while both the frequency and density of label increase after NMDA treatment (F ). Scale bar, 0.1 m. GluR2. TfR is a marker for recycling endosomes (Dautry-Varsat, 1986; Maxfield and McGraw, 2004) , so immunogold labeling of TfR was used to identify recycling endosomes here. ER in neuronal somas and dendrites did not label with TfR antibody (supplemental Fig. 7 , available at www.jneurosci.org as supplemental material), distinguishing it from recycling endosomes. As expected, all structures resembling recycling endosomes (Cooney et al., 2002) labeled intensely for TfR. The TfR-labeled aggregates of tubular/vesicular structures were located mainly in dendritic shafts (Fig.  5A ) and near surfaces edges of neuronal somas (supplemental Fig. 7 , available at www.jneurosci.org as supplemental material). Where fortuitous sections showed the connection of a spine with the dendritic shaft, a TfR-labeled recycling endosome was located in the shaft at the base of the spine, with a few TfR labels in the neck, and no labels in the spine head (Fig.  5B) . Of all spine-like structures, 35% (18 of 51) contained TfR-labeled vesicles/vacuoles (Fig. 5C ). The distribution of the bulk of the TfR labeling in soma/dendrites, with some in spines is consistent with that of recycling endosomes (Cooney et al., 2002; Park et al., 2004 Park et al., , 2006 .
Recycling endosomes Identification of recycling endosomes by immunolabeling of transferrin receptors
GluR2 labeling of recycling endosomes
In contrast with the consistent and intense labeling of TfR in recycling endosomes in dendrites and somas, structures resembling recycling endosomes labeled for GluR2 at a lower frequency and intensity. Under control conditions, some labels marked lumens of a few of the tubular/vesicular structures (Fig. 5E ). After 2-5 min of NMDA treatment, which is known to induce endocytosis of AMPA receptors (Ehlers, 2000; Ashby et al., 2004; Lin and Huganir, 2007) , structures resembling recycling endosomes labeled with GluR2 at higher frequencies, and these vesicles collectively had more label (Fig. 5F ) than under control conditions (Fig. 5E ). For example, in one experiment where measurements were made in neuronal somas (see Materials and Methods), the percentages of structures resembling recycling endosomes labeled for GluR2 were 28% (n ϭ 42) and 47% (n ϭ 34), respectively, under control and NMDA treatment conditions. The number of labels in these labeled structures increased from 4.6 Ϯ 0.4 in the control sample to 7.9 Ϯ 0.6 ( p Ͻ 0.0001) in the NMDA-treated sample. These results indicate that some AMPA receptors reside in recycling endosomes under basal conditions, and more are induced after enhancing endocytosis with NMDA treatment (Fig. 5F ). These GluR2-labeled, putative recycling endosomes were near the edges of somas and in dendritic shafts, but no credible GluR2 labeling was detected in vesicles that resemble recycling endosome in spine-like structures (Fig. 5D ). This paucity of intracellular AMPA receptor labeling in spines is consistent with immunolabeling by light ( 
Endocytosis of AMPA receptors
Endocytosis at cell bodies and dendrites AMPA receptors are internalized through clathrin-mediated endocytosis (Carroll et al., 1999; Man et al., 2000) , but it is possible that not all endocytosis events involve AMPA receptors. Virtually all (98%) coated pits and vesicles near the plasma membrane of neuronal somas and their dendrites were labeled by an antibody to clathrin (n ϭ 89, six samples) (Fig. 6C, top) . However, only ϳ20% of the coated pits in somal and dendritic plasma membranes (n ϭ 152, four samples under basal conditions) (Fig. 6 A, top) labeled for GluR2. We also compared a pair of parallel cultures labeled separately for TfR (Fig. 6 D, top) or for GluR2. The majority (75.5%) of coated pits on somal plasma membrane labeled for TfR, while only 23.7% labeled for GluR2. NMDA (20 -30 M) (see Materials and Methods) was applied for 2-5 min to induce endocytosis of AMPA receptors. The frequency of GluR2-labeled pits (labeled pits/100 soma profiles) increased significantly to 227 Ϯ 37% of control value (paired t test, p Ͻ 0.05) (Table 5) , while the frequency of unlabeled pits did not change (Table 5) . Additionally, the number of labels per labeled pit increased significantly to 178 Ϯ 20% of control value (paired t test, p Ͻ 0.05) ( Table 5 ; Fig. 6 B, top) . Thus, after NMDA treatment, the total number of GluR2-labeled pits in neuronal somas approximately doubled, and individual pits contained more label. The combined effect of the increases in number of labeled pits and label per pit would reflect a ϳ400% increase in Figure 6 . A-D, Labeling of coated pits for GluR2 (A, B) , clathrin (C), and transferrin receptor (D). A, B, Coated pits on plasma membrane indicate initiation of endocytic events, but only approximately 20% of coated pits at soma and dendrites from control experiments (A, top) label for GluR2. After NMDA treatment, there are more labeled pits, and each pit contains more label (B, top). Peri-PSD pits (arrows) are typically unlabeled in control samples (A, bottom), but 42% label after NMDA treatment (B, bottom). C, Top, In contrast, all coated vesicles and pits label for clathrin. C, bottom, Clathrin labeling of a coated pit that was adjacent to an inhibitory (symmetrical) synapse. D, Antibody to transferrin receptor labels the majority of coated pits at soma and dendrites (ϳ75%; top), and at peri-PSD locations (ϳ93%, bottom). Scale bar, 0.1 m.
AMPA receptor internalization. Endocytosis of AMPA receptors was also assessed in glycine-treated samples. Although the frequency of GluR2-labeled pits and the number of GluR2 labels per labeled pit both appeared to increase after glycine treatment, increases fell short of statistical significance.
Endocytosis near synapses
Clathrin-coated pits can lie lateral to PSDs, either immediately next to PSD (peri-PSD) or on the extrasynaptic spine membrane. Such pits have been designated to belong to an endocytic zone (EZ) (Blanpied et al., 2002 , Rácz et al., 2004 , but EZs did not label for AMPA receptors by EM immunogold labeling (Petralia et al., 2003) . In the present study, coated pits in what would be EZs are not frequent, a finding consistent with serial thin section analysis of adult hippocampus (Cooney et al., 2002) . Here, a total of 33 peri-PSD coated pits occurred at 1300 synaptic profiles in control samples, and 31 of these did not label for GluR2 (Fig. 6 A,  bottom) . The few GluR2-labeled peri-PSD pits we did find indicate that endocytosis of GluR2 can occur near synapses, but that in total it must involve a very small fraction of the AMPA receptors being endocytosed in the neuron, because they are much less frequent than those in somal and dendritic membranes. Furthermore, coated pits occur at the edges of both inhibitory (Fig. 6C , bottom) and excitatory synapses (Fig. 6 A, bottom, B, bottom) , suggesting that peri-PSD endocytosis does not necessarily involve endocytosis of AMPA receptors.
After NMDA treatment, there is an increase in the number of peri-PSD pits, and more of these pits labeled for GluR2 (Fig. 6 B,  bottom) . Of 24 peri-PSD coated pits in 520 synaptic profiles from NMDA-treated samples, 10 contained GluR2 label. Compared with control samples, their frequency increased from ϳ25 to 46 peri-PSD pits per 1000 synaptic profiles, and the percentage of GluR2-labeled peri-PSD pits increased from 6 to 42% in NMDAtreated samples. Thus, internalization of AMPA receptors can occur at locations immediately lateral to PSD, especially after NMDA treatment. In contrast, when peri-PSD coated pits were examined for TfR labeling, 93% (14 of 15) labeled for TfR (Fig.  6 D, bottom) .
Despite this NMDA-induced increase of endocytosis of AMPA receptors at peri-PSD locations, GluR2 labeling density at the PSDs did not change significantly after NMDA treatment (108 Ϯ 12% of control values, four experiments) ( Table 2 ). This finding is consistent with previous light microscopic immunolabeling studies (Ehlers, 2000; Ashby et al., 2004; Lin and Huganir, 2007) .
Discussion
The present study combines sensitive pre-embedding immunogold electron microscopy with serial thin sectioning to demonstrate the distribution of AMPA receptors on the plasma membranes of spines, dendrites, and somas of dissociated hippocampal neurons. An antibody to the GluR2 subunit of AMPA receptors thoroughly samples endogenous AMPA receptors, which exist as tetramers of GluR1/2 or GluR2/3 subunits (Wenthold et al., 1996) . This antibody readily accesses AMPA receptors on the surface of the plasma membrane in dissociated hippocampal neuronal cultures due to the extracellular location of the GluR2 epitope (Vissavajjhala et al., 1996) . Thus, we are able to document, at the level of individual AMPA receptors, their distribution over the entire neuronal surface, under resting, stimulation, and recovery conditions. Determining the distribution of AMPA receptors at this level of detail also provides new evidence for the distribution of exocytosis and endocytosis events.
Label at PSDs often stands out from the rest of the plasma membrane, consistent with previous studies by postembedding immunogold labeling (Kharazia et al., 1996; Bernard et al., 1997; Nusser et al., 1998; Takumi et al., 1999; Ganeshina et al., 2004 ). However, it is possible that receptors at the PSD are undercounted with the pre-embedding method because the antibody must penetrate the synaptic cleft. On the other hand, preembedding labeling reveals substantial labeling of the plasma membrane outside of synapses, including neuronal somas, dendritic branches, and the spines, representing a vast potential reservoir of AMPA receptors (Groc et al., 2004; Petrini et al., 2009 ) that can rapidly move in and out of synaptic zones (Borgdorff and Choquet, 2002) .
The density of label for GluR2 varies widely from neuron to neuron and from spine to spine, a finding consistent with previous reports on the distribution of AMPA receptors in intact brains (Nusser et al., 1998) . Although the serial sectioning here was not extensive enough to reconstruct whole dendritic branches, fragmentary reconstructions and longitudinal sections along dendritic branches indicate that labeling density is essentially uniform over regions 10 -20 m long within the same neuron. This observation is consistent with the idea that the distribution of AMPA receptors is at equilibrium throughout each neuron, except at synapses and in axons (Adesnik et al., 2005; Ashby et al., 2006; Makino and Malinow, 2009) .
Synaptic plasticity has been linked to regulation of the number of AMPA receptors at synapses, which, in turn, is determined by the balance between their exocytosis and endocytosis (for review, see Malinow and Malenka, 2002; Shepherd and Huganir, 2007; Santos et al., 2009) . Live imaging of superecliptic pHluorin (a pH-sensitive green fluorescent protein variant) tagged GluR has elegantly portrayed locations and frequencies of exocytosis under different conditions (Yudowski et al., 2007; Lin et al., 2009; Makino and Malinow, 2009; Araki et al., 2010; Kennedy et al., 2010) . However, electron microscopy has yet to capture the expected images of vesicles labeled for AMPA receptors fusing with the plasma membrane. The few intensely labeled GluR2-positive vacuoles observed in the present study are diffi- (Yudowski et al., 2007) . In contrast, electron microscopy provides unmistakable images of clathrin-coated endocytosis of AMPA receptors. In a pair of sister cultures under basal conditions, approximately one quarter of coated pits on somas and dendrites label for GluR2, while three quarters label for TfRs. It is possible that this difference merely reflects a technical difference in labeling efficiency of the two antibodies. Alternatively, these results suggest that not all clathrin-coated pits are involved in AMPA receptor endocytosis, and that TfR may be endocytosed separately from AMPA receptors. We also show that NMDA-induced AMPA receptor endocytosis is achieved through increases in both the number of GluR2-labeled pits and the number of labels in each pit. The indication that glycine treatment might also increase GluR2 endocytosis is not surprising because glycine is an NMDA coactivator (Lu et al., 2001) . It is interesting, however, that after glycine treatment, the balance of increased exocytosis and endocytosis yielded a net increase in PSD labeling of AMPA receptors but no increase in label in soma plasma membrane. Possibly, AMPA receptors being added to the surface due to increased exocytosis are quickly captured at the PSD.
Coated pits in the vicinity of the PSD are thought to comprise specialized endocytic zones (EZs) (Blanpied et al., 2002 , Rácz et al., 2004 , mediating endocytosis of AMPA receptors for local recycling in the spines (Lu et al., 2007; Petrini et al., 2009; Kennedy et al., 2010) . However, an early examination by postembedding immunogold electron microscopy failed to detect label for AMPA receptors in EZs (Petralia et al., 2003) , a finding we confirm in that peri-PSD pits rarely labeled for GluR2 under control conditions. This lack of AMPA receptor labeling under basal conditions is not due to technical limitation of immunolabeling methods, as virtually all such peri-PSD pits labeled for TfR, indicating ample accessibility of reagents at these locations. Furthermore, after NMDA treatment, GluR2 label appeared in a significantly higher percentage of peri-PSD coated pits, demonstrating that these pits are accessible for GluR2 immunolabeling. This latter observation also suggests that peri-PSD endocytosis of AMPA receptors near synapses are highly regulated by activity.
In conclusion, neurons at rest manifest many AMPA receptors throughout the surfaces of their dendrites and cell bodies, and the receptors redistribute upon activity. Plasma membrane patches of concentrated receptor labeling, signatures of the aftermath of exocytosis events, occur at low frequency under basal conditions, and increase progressively after glycine treatment and high K ϩ depolarization. The zone around the PSD holds no special attraction for exocytosis of AMPA receptors, supporting the idea that addition of AMPA receptors to the PSDs comes largely from lateral diffusion. A subpopulation of clathrin-coated pits in somal and dendritic plasma membranes is involved in AMPA receptor endocytosis, and NMDA treatment increases the number of pits labeling for AMPA receptors as well as the amount of label in each pit, resulting in a fourfold increase in internalized receptors. Endocytosis of AMPA receptors near PSDs rarely occurs under basal conditions, but increases significantly after NMDA treatment. While there is no evidence from electron microscopy so far that exocytosis adds AMPA receptors at peri-PSD locations, some endocytosis of AMPA receptors does occur adjacent to PSDs under certain conditions, such as activation of NMDA receptors.
